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Abstract

Growing environmental concerns and the rapid depletion of fossil fuels have accelerated the 
need for sustainable energy storage systems. This research reports converting waste polyethy-
lene terephthalate (PET) into terephthalic acid (BDC) and then using it as an organic linker 
to synthesize a nickel-coordinated metal-organic framework (Ni-BDC) for supercapacitor 
applications. The BDC ligands extracted from PET via alkaline hydrolysis were analyzed to 
confirm their structural and crystalline properties with commercial terephthalic acid. Using a 
simple one-step co-precipitation method, the Ni-BDC MOF was synthesized and character-
ized using UV–Visible spectroscopy, Fourier-Infrared spectroscopy, X-ray diffraction, Raman 
spectroscopy, Field-emission scanning electron microscopy, X-ray photoelectron spectroscopy 
(XPS), and Brunauer–Emmett–Teller (BET) surface area analysis. These characterization 
results confirmed the formation of a highly crystalline coordination framework with biden-
tate carboxylate bridging between Ni2+  ions and PET-derived ligands. The electrochemical 
performance was evaluated in 1 M KOH electrolyte using a three-electrode and a symmet-
ric two-electrode configuration. In the three-electrode configuration, the Ni-BDC electrode 
showed a maximum specific capacitance of 1118 F g−1  at a current density of 1 A g−1 , which 
decreased to 129 F g−1  at 10 A g−1 . Electrochemical impedance spectroscopy revealed a 
solution resistance (Rs ) of 3.6 Ω, while the inclined Nyquist response indicated non-ideal 
capacitive characteristics. Furthermore, the symmetric two-electrode device exhibited specific 
capacitances of 36.36 and 4.83 F g−1  at current densities of 0.5 and 10 A g−1 , respectively. 
The device retained 67% of its capacitance after 8000 galvanostatic charge-discharge cycles at
15 A g−1 , with a coulombic efficiency of approximately 100.1%. These findings demonstrate 
the feasibility of using waste PET-derived terephthalic acid to develop functional Ni-BDC 
electrode materials and offer a potential pathway to integrate plastic waste valorization with 
electrochemical energy storage applications.

Keywords: Energy storage performance; Ni-BDC MOF; PET-derived ligands; supercapacitor 
applications

1.  Introduction
Rapidly increasing global energy demand, driven by industrialization, urbanization, 

and population growth, has placed tremendous strain on available energy resources [1,2]. 
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Conventional energy sources, largely fossil-fuel-based, face limited supply and pose ma-
jor environmental challenges [3,4]. Solar and wind power offer feasible alternatives to 
conventional non-renewable energy sources. Still, their intermittency, unpredictability, 
limited availability, and sustainability concerns drive the development of efficient, effective 
energy storage devices [5,6]. Electrochemical energy storage systems, such as batteries, are 
important components of future energy systems [7]. Among energy storage systems, su-
percapacitors, also known as electrochemical capacitors, have attracted significant research 
attention due to their high power density, ultra-fast charge and discharge rates, long lifespan, 
and high safety [8,9]. Supercapacitors can bridge the performance gap between dielectric 
capacitors and the energy-storage capabilities of Li-ion batteries [10]. The supercapacitor 
comprises four key components: the current collector, the electrode, the electrolyte, and the 
separator [11]. The electrode is the most critical factor in determining the supercapacitor’s 
electrochemical performance, including capacitance per unit, rate performance, energy 
density, and long-term cycling stability [12,13]. Much research has focused on designing 
supercapacitor electrode materials, including carbon materials, transition metal oxides/hy-
droxides, conductive polymers, and composites of these materials [14–16]. However, these 
materials have intrinsic limitations, including limited active sites, limited ion access, struc-
tural changes, and poor electrical conductivity [17]. Metal–Organic Frameworks (MOFs) 
are a promising, sustainable alternative for supercapacitor electrodes [18,19]. MOFs are 
crystalline nanoporous materials made of metal ions or metal clusters and coordinated 
organic ligands [20]. Recent developments have shown promising results for MOFs as 
potential supercapacitor electrodes [21]. This is due to the framework’s unusual charac-
teristics, including an exceptionally large specific surface area, a crystalline pore structure, 
and the ability to modify pore diameters and chemical composition [22,23]. However, 
despite these advantages, crystalline MOFs also exhibit poor intrinsic electrical conductivity 
and limited electrochemical stability, which significantly limit their direct applicability as 
supercapacitors [24]. To address these challenges, researchers have proposed several strate-
gies, including metal-ion control, ligand modification, composite formation, and structural 
modification. In summary, changing the metal center and the organic ligand remains one of 
the most important ways to improve MOF electrochemical performance, as these changes 
directly affect structure and properties [25]. The choice of metal ion is particularly impor-
tant, especially when compared with extensively researched metals such as nickel [26], 
cobalt [27], and manganese [28]. Among these metal ions, nickel has attracted consider-
able interest for electrochemical energy-storage applications because of its accessible redox 
chemistry and the reversible Ni2+ /Ni3+  redox process in alkaline electrolytes [29]. Nickel-
containing coordination materials have therefore been investigated as electrochemically 
active electrode materials for supercapacitors [30]. In addition, coordinating Ni2+  with 
aromatic carboxylate ligands offers an opportunity to construct structurally defined metal-
organic frameworks with electrochemically active metal centers [31]. Aromatic carboxylic 
acids are widely used in the synthesis of MOFs because of their high affinity, rigidity, and 
chemical stability towards the metal centers of the framework [32]. The acidity of benzene 
ring-containing dicarboxylic acids offers considerable benefits for designing specific MOF 
topologies and controlling framework porosity, including the potential to deliver robust 
architectures [33]. Electron delocalization in conjugated systems plays a critical role in 
enhancing charge transport within the framework. Recently, attention has increasingly 
focused on using waste-derived organic molecules as MOF precursors because these ap-
proaches can convert post-consumer waste into functional chemical building blocks. In this 
context, waste PET is particularly interesting because its polymer backbone contains tereph-
thalate units that can be chemically recovered and subsequently utilized as organic linkers 
in coordination materials. This study therefore investigates PET-derived terephthalic acid as 
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a precursor for Ni-BDC formation and evaluates the resulting material for electrochemical 
energy-storage applications [34]. Among plastic wastes, polyethylene terephthalate (PET) 
is the most widely utilized [35]. As a result, enormous quantities of non-biodegradable 
waste are being disposed of worldwide. Chemical recycling is an alternative approach to 
valorize waste PET by recovering terephthalic acid (TPA), which can be used as an organic 
linker for metal–organic framework (MOF) synthesis. Although traditional mechanical 
recycling is a major pathway for managing PET waste, using recovered TPA as a functional 
precursor offers an opportunity to convert plastic waste into value-added materials for 
specific applications, such as energy storage. The aromatic dicarboxylate ligands derived 
from PET offer several advantages for MOF based supercapacitor electrodes. The presence 
of a benzene ring in these ligands imparts stability to the ligands. The dicarboxylate func-
tionality allows strong coordination to the metal center [36]. The molecular structures of 
PET derived ligands are flexible, which influences conjugation length, pore environment, 
dimensionality, and overall electrochemistry [37,38]. The electrochemical properties of 
the resulting Ni-BDC material are an important aspect to explore, particularly in relation 
to the structural characteristics of the recovered ligand and its pseudocapacitive behav-
ior, while terephthalic acid from PET has been explored as a precursor for metal organic 
frameworks. Thus, this work is focused on the synthesis, structural characterization and 
electrochemical evaluation of Ni-BDC from terephthalic acid recovered from post-consumer 
PET. This research focuses on the synergistic combination of eco-friendly metal ions and 
recycled organic linkers to produce MOFs with high porosity, structural robustness, and 
improved electrolyte accessibility. Nickel-based PET-derived aromatic dicarboxylate ligand 
MOFs were synthesized using a simple one-step co-precipitation method. The structural, 
morphological, and electrochemical properties of the prepared Ni-BDC MOFs were system-
atically studied to find the structure–activity relationship between the PET-derived ligand 
and supercapacitor performance. In addition, this work not only focuses on MOF design 
for energy storage but also provides an effective pathway for converting plastic waste into 
cheaper electrode materials, which contributes to environmental remediation and advanced 
energy technologies.

2.  Experimental Section
2.1.  Materials and Methods

Nickel(II) nitrate hexahydrate, N, N-dimethylformamide, ethanol, potassium hydrox-
ide, sodium hydroxide, carbon black, polyvinylidene fluoride, N-methyl-2-pyrrolidone, 
hydrochloric acid, nitric acid, acetone, and isopropanol solution were purchased from 
Sigma-Aldrich, Bengaluru, India. These chemicals are of analytical grade and did not 
require further purification. We used double-distilled water throughout the experimental 
procedure. Waste plastic bottles were collected from garbage bins in and around Vellore, 
Tamil Nadu, India. The collected plastic bottles were cut into small pieces (approximately 
1–2 cm2 ), washed three times with deionized water to remove surface impurities, and 
oven-dried at 40 °C for 30 min before further use.

2.2.  Extraction of Terephthalic Acid from PET Waste
Terephthalic acid (BDC) was synthesized by depolymerizing waste PET bottles via 

alkaline hydrolysis, as shown in Figure 1. A round-bottom flask equipped with a distillation 
chamber was used for the depolymerization reaction; 100 mL of 10% w/v sodium hydroxide 
solution was added to the RB flask, followed by 10 g of chopped PET flakes. The solution 
was heated and stirred continuously at 110 °C for 3 h. Afterward, a milky white solution 
was obtained and filtered to remove unreacted solids. Then, the solution pH was adjusted 
to 3 with concentrated hydrochloric acid to precipitate the BDC. After precipitation, BDC 
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was washed with deionized water and oven-dried at 80 °C for 12 h to remove moisture. The 
BDC yield was calculated using Equation (1).

Yield (%) =
𝑚 BDC

0.865 × [mPET]0
× 100 (1)

where mBDC is the actual mass of recovered BDC (g) and [mPET]0  is the initial mass 
of PET (g). The factor 0.865 is the theoretical weight fraction of BDC in the PET repeat 
unit [39].

Figure 1. Alkaline hydrolysis of Waste PET bottles.

2.3.  Synthesis of Nickel 1,4-Dicarboxylic Acid Frameworks (Ni-BDC MOF)
Ni-BDC MOF was prepared by simple co-precipitation (Figure 2); 1 g of Nickel (II) 

nitrate hexahydrate was diluted in double-distilled water, and 0.5 g of extracted BDC was 
dissolved in N, N-dimethylformamide, and sonicated continuously at room temperature 
until the particles were completely dissolved. The two solutions were mixed in a 100 mL 
beaker and stirred for 8 h. Afterward, the washed precipitate was filtered and centrifuged 
3 times with ethanol to remove unreacted particles. The precipitate was transferred to a 
crucible and oven-dried at 110 °C for 12 h to remove water.

Figure 2. Ni-BDC MOF synthesis.

2.4.  Characterization Techniques
The crystal phase of the material was characterized by X-ray diffraction (XRD, Bruker 

D8 Advance, Bruker AXS, Karlsruhe, Germany) using Cu-Kα radiation (λ = 1.5406 Å) at 
40 kV and 40 mA. Fourier transform infrared (FTIR) spectra were recorded using a Nicolet 
iS50 spectrometer (Thermo Fisher Scientific, Madison, WI, USA) to identify the functional 
groups present in the samples. Surface morphology and microstructural properties were 
investigated using field-emission scanning electron microscopy (FE-SEM, Quanta 250 FEG, 
FEI Company, Hillsboro, OR, USA). Raman spectra were recorded using an XploRA Plus 
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Raman microscope (HORIBA France SAS, Palaiseau, France). UV–Visible absorption spectra 
were recorded on a V-770 spectrophotometer (JASCO Corporation, Tokyo, Japan) over 
200–800 nm. X-ray photoelectron spectroscopy (XPS, VersaProbe 4, ULVAC-PHI, Inc., 
Chigasaki, Kanagawa, Japan) was employed to determine the surface chemical composition 
and oxidation states of the elements. The specific surface area and pore structure parameters 
were determined by N2  adsorption–desorption analysis using a TriStar II surface area and 
porosity analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA).

2.5.  Electrochemical Measurements
The electrochemical behavior of the Ni-BDC MOF electrode was identified using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance 
spectroscopy (EIS) on a Bio-Logic SP-200 workstation in a standard three-electrode setup. 
The platinum wire was used as the counter electrode, and an Ag/AgCl electrode was 
used as the reference. The working electrode was prepared from synthesized Ni-BDC 
MOF mixed with a polyvinylidene fluoride (PVDF) binder and a conductive additive, 
carbon black, at an 8:1:1 mass ratio. Carbon black was added to compensate for the MOF’s 
limited intrinsic electronic conductivity and to improve electrical connectivity between MOF 
particles and electron transport through the electrode. N-Methyl-2-pyrrolidone (NMP) 
was added dropwise to form a uniform slurry, which was then coated onto a graphite sheet 
current collector (effective area: 1 cm2 ). The coated electrode was dried at 80 °C for 8 h 
to evaporate the solvent. All tests were run in a 1 M KOH aqueous electrolyte at room 
temperature. EIS measurements were performed over a frequency range of 100 kHz to
100 mHz. Equation 2 was used to determine the electrode material’s specific capacitance 
(Cm, F/g) from GCD curve data. Where I represents the discharge current (A) for the 
GCD test, Δt represents the discharge time (s) for the GCD test, m is the mass of the active 
material (g), and ΔV denotes the potential window (V) of the GCD test [40].

𝐶𝑚 =
𝐼 × Δ𝑡

𝑚 × Δ𝑣 (2)

3.  Results and Discussion
3.1.  Characterization of Ni-BDC MOF

The structural, chemical, and morphological properties of the synthesized Ni-BDC 
MOF, which was obtained from the waste PET-based terephthalic acid (BDC), have been 
thoroughly examined using UV-Visible spectroscopy, Fourier transform infrared spec-
troscopy (FT-IR), X-ray diffraction (XRD), Raman spectroscopy, and scanning electron 
microscopy (SEM) analysis. These analyses confirm that Ni2+  ions have been successfully 
coordinated to the extracted organic linker. The yield of terephthalic acid was calculated 
by Equation (1). A yield of 7 g of dried terephthalic acid was obtained from 10 g of PET 
waste. Thus, the recovered terephthalic acid yield was 80.92%. The purity and structural 
integrity of the waste-derived terephthalic acid (W-TP) produced from PET depolymer-
ization were first assessed and compared with commercial terephthalic acid (C-TP), as 
depicted in Figure 3a,b. The FT-IR spectra in Figure 3a indicate that W-TP has the same 
functional groups as C-TP. The broad O-H stretching region from 2500 to 3300 cm−1  and 
the strong C=O stretching vibration at approximately 1670 cm−1  indicate the presence of 
carboxylic acid functional groups in both W-TP and C-TP. The aromatic C=C stretching 
vibrations at 1410–1450 cm−1  and the C-H bending vibrations at 700–900 cm−1  further 
support the benzene ring structure. The W-TP spectrum shows no new impurity peaks, 
indicating that alkaline hydrolysis of PET successfully regenerated high-purity terephthalic 
acid with unaltered structural integrity [41–43]. Figure 3b shows the XRD patterns of waste 
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PET-derived terephthalic acid (W-TP) and commercial terephthalic acid (C-TP). The diffrac-
tion profiles were compared with previously reported XRD characteristics of terephthalic acid. 
Comparison of the experimental XRD patterns with the ICDD reference standard PDF No. 
00-021-1919 showed good agreement in peak positions and relative intensities, confirming the 
characteristic crystalline features of terephthalic acid. The C-TP pattern shows well-resolved 
peaks indexed to the (110), (200), (211), and (220) planes, and similar features are observed in 
the W-TP pattern. Differences in relative peak intensities and profiles between the two samples 
may reflect differences in sample preparation and preferred crystallite orientation [44,45]. 
The diffraction peaks assigned to the (110), (200), and (211) planes were compared with 
previously reported Ni-BDC materials, showing similar diffraction features and supporting 
formation of the nickel terephthalate phase, with an average crystallite size of 24.07 nm [46–49]. 
The coordination interaction between Ni2+  ions and W-TP is confirmed using FT-IR spectra of 
the Ni-BDC MOFs (Figure 3e). The disappearance of the free carboxylic acid C=O stretching 
vibration at 1720 cm−1  and the appearance of the asymmetric and symmetric carboxylate 
stretching vibrations at 1630–1670 cm−1  and 1410–1450 cm−1 , clearly indicate the deproto-
nation and coordination of the carboxylate groups to Ni ions. The difference between the 
asymmetric and symmetric stretching vibrations indicates a bidentate bridging coordina-
tion mode. The appearance of Ni-O stretching vibrations below 700 cm−1  confirms the 
formation of metal-oxygen bonds. The Raman spectrum of the Ni-BDC MOF (Figure 3c) 
reveals characteristic aromatic bands, such as ring breathing at 830 cm−1 , C-H bending at
1120–1290 cm−1 , and prominent C=C stretching bands at 1446 and 1630 cm−1 . These bands 
indicate that the π-conjugated benzene framework is unaffected by the coordination reac-
tion. This is important, as it ensures that the aromatic backbone of W-TP is not affected 
by depolymerization and coordination reactions [50]. The optical absorption spectrum 
shown in Figure 3f displays a prominent absorption edge at 240 nm, which is due to π→π* 
transitions in the aromatic linker and possibly ligand-to-metal charge transfer (LMCT) 
transitions. The Tauc plot (Figure 4a) gives a band gap of approximately 4.6 eV, which falls 
within the band gap range of semiconducting materials. This suggests that the material lacks 
appreciable intrinsic electronic conductivity and that nickel redox sites and ion diffusion, 
mainly facilitated by electrochemical redox reactions, are present within the porous mate-
rial. The surface morphology of the Ni-BDC MOF is presented in Figure 4b. The material 
has a stacked, rod-like, layered morphology with interconnecting domains. The rough 
surface morphology and hierarchical structure enhance surface area and provide multiple 
channels for electrolyte penetration. The surface morphology also provides an efficient 
interface for contact between the active sites and electrolyte ions, thus facilitating Faradaic 
reactions. The EDS analysis (Figure 4c) reveals Ni, C, and O, with no trace impurities. The 
absence of unwanted peaks evidences this. The elemental mapping images (Figure 4d) 
reveal a uniform distribution of Ni, C, and O. The uniform distribution of nickel in the 
organic framework indicates the absence of phase separation or metal aggregation, which 
is essential for stable electrochemical properties [51,52]. X-ray photoelectron spectroscopy 
(XPS) was used to analyze the chemical states and surface composition of the Ni-BDC MOF. 
The survey XPS (Figure 5a) revealed characteristic peaks of Ni (2p), C (1s), and O (1s), 
confirming the presence of Ni, C, and O. The C 1s spectrum (Figure 5b) shows peaks at 288.5, 
285.3, and 284.8 eV corresponding to O–C=O, C–O, and C=C/C–C bonds, respectively. These 
peaks correspond to the carboxylate group and aromatic carbon framework of the BDC linker. 
The Ni 2p spectrum, which is shown in Figure 5c, has components, Ni 2p3/2  and Ni 2p1/2 , 
around 855.6 and 873.6 eV, respectively. The O 1s spectrum displays peaks from Ni–O and 
carboxylate oxygen (Figure 5d). These peaks are assigned to oxygen from Ni and to oxygen 
in the functional groups present in the Ni-BDC MOF [38]. Figure 5e shows the nitrogen 
adsorption–desorption isotherm, which reveals a steady increase in nitrogen uptake with 
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increasing relative pressure. The BET analysis shows a specific surface area of 270.405 m2  g−1 .
Figure 6f shows the pore size distribution, which is dominated by 3.8-4.0 nm pores in the 
mesopore region [38]. These results indicate that terephthalic acid derived from waste 
PET (W-TP) has structural, crystalline, and chemical properties comparable to commercial 
terephthalic acid (C-TP). The ligand can bind Ni2+  ions to form a highly crystalline Ni-BDC 
MOF with bidentate carboxylate bridging. The preserved aromatic structure, crystallinity, 
uniform metal distribution, and appropriate morphology demonstrate W-TP’s effectiveness 
as a green coordination ligand. This study shows that waste PET-derived terephthalic acid 
can be used directly as a precursor for synthesizing metal-organic frameworks without 
compromising structural integrity, offering a promising approach to converting plastic 
waste into a valuable functional coordination materials for energy storage applications.

Figure 3. (a) FT-IR spectra of W-TP and C-TP; (b) XRD spectra of W-TP and C-TP; (c) Raman Spectra 
of Ni-BDC MOF; (d) XRD of Ni-BDC MOF; (e) FT-IR of Ni-BDC MOF; and (f) UV absorbance spectra 
of Ni-BDC MOF.

Figure 4. (a) Tauc plot of Ni-BDC MOF, (b) FE-SEM images of Ni-BDC MOF, (c) EDS spectrum of 
Ni-BDC MOF, and (d) elemental mapping of Ni-BDC MOF.
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Figure 5. (a–d) XPS survey and high-resolution spectra of Ni-BDC MOF, (e) N2  adsorption–desorption 
isotherm and (f) pore size distribution of Ni-BDC MOF.

Figure 6. (a) Cyclic voltammetry (CV) curves of Ni-BDC MOF at different scan rates, (b) specific 
capacitance as a function of current density (Ni-BDC MOF), (c) galvanostatic charge-discharge (GCD) 
curves of Ni-BDC MOF, (d) Nyquist plot of Ni-BDC MOF, (e) CV curves of Ni-BDC MOF//KOH//Ni-
BDC MOF, (f) GCD curves of Ni-BDC MOF//KOH//Ni-BDC MOF, (g) Specific capacitance as a 
function of current density (Ni-BDC MOF//KOH//Ni-BDC MOF), (h) cycling stability of Ni-BDC 
MOF at 15 A g−1  (8000 cycles).

3.2.  Electrochemical Performance and Structure–Activity Relationship of Ni-BDC MOF
The electrochemical performance of Ni-BDC MOF was investigated using a three-electrode 

configuration and a symmetric two-electrode system to study charge-storage behavior, rate 
capability, impedance characteristics, and cycling stability [53,54]. The cyclic voltammetry 
(CV) curves of the Ni-BDC MOF electrode at different scan rates of 5–50 mV s−1  are shown 
in Figure 6a. The observed redox features suggest a Faradaic contribution to the charge-
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storage mechanism. The increase in current response and CV curve area with increasing 
scan rate indicates a scan-rate-dependent electrochemical response. The specific capac-
itance values at different current densities are presented in Table 1 and Figure 6b. The 
Ni-BDC MOF electrode exhibited a specific capacitance of 1118 F g−1  at 1 A g−1 , which 
decreased to 808, 726, 581, 481, 403, 320, 264, 193, and 129 F g−1  at current densities of 
2, 3, 4, 5, 6, 7, 8, 9, and 10 A g−1 , respectively. The corresponding galvanostatic charge-
discharge (GCD) curves are presented in Figure 5c, where the discharge times at different 
current densities were used to calculate the specific capacitance. Figure 6d shows the 
Nyquist plot of the Ni-BDC MOF electrode. The solution resistance (Rs) was identified as
3.6 Ω from the high-frequency intercept on the real impedance axis. The predominantly 
inclined impedance response indicates non-ideal capacitive behavior and distributed charge-
transport processes. We then evaluated the electrochemical performance of the symmetric 
two-electrode device, assembled with Ni-BDC MOF as both electrodes and 1 M KOH as 
the electrolyte (Ni-BDC MOF//1 M KOH//Ni-BDC MOF). Figure 6e shows the CV curves 
recorded at scan rates of 5, 20, and 50 mV s−1 . The increased current response with increasing 
scan rate demonstrates the device’s rate-dependent charge-storage behavior. Corresponding 
GCD curves at different current densities are presented in Figure 6f. The symmetric device 
showed specific capacitances of 36.36, 24.47, 16.63, 12.25, 9.16, and 4.83 F g−1  at current densities 
of 0.5, 1, 2, 3, 5, and 10 A g−1 , respectively (Table 2 and Figure 6g). The decline in specific 
capacitance with increasing current density can be attributed to hindered electrolyte-ion diffu-
sion and reduced accessibility of the electroactive sites during fast charge-discharge processes. 
These results demonstrate the current-density-dependent charge-storage performance of the 
symmetric device. The cycling stability of the symmetric Ni-BDC MOF//1 M KOH//Ni-BDC 
MOF device was evaluated over 8000 consecutive GCD cycles at a constant current density of
15 A g−1 , as shown in Figure 6h. Capacitance retention was evaluated by comparing the specific 
capacitance of the first GCD cycle with that of the 8000th cycle. Under the applied conditions, 
the device showed moderate long-term cycling stability, retaining 67% of the initial capacitance 
over 8000 cycles. The coulombic efficiency reached 100.1%, indicating good charge-discharge 
reversibility during cycling. This long-term cycling-induced capacitance loss may relate to 
changes at the electrode/electrolyte interface or reduced availability of electroactive sites. Over-
all, the results demonstrate Ni-BDC MOF’s electrochemical charge-storage capability in both 
three-electrode and symmetric two-electrode configurations. In contrast, the cycling results 
establish its stability over 8000 GCD cycles.

Table 1. Specific capacitance as a function of current density (Ni-BDC MOF).

S.NO. Current Density (A/g) Specific Capacitance (Fg−1 )

1. 1 1118
2. 2 808
3. 3 726
4. 4 581
5. 5 481
6. 6 403
7. 7 320
8. 8 264
9. 9 193

10. 10 129
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Table 2. Specific capacitance as a function of current density (Ni-BDC MOF//KOH//Ni-BDC MOF).

S.NO. Current Density (A/g) Specific Capacitance (Fg−1 )

1. 0.5 36.36
2. 1 24.47
3. 2 16.63
4. 3 12.25
5. 5 9.16
6. 10 4.83

4.  Conclusions
The Ni-BDC MOF was synthesized from terephthalic acid derived from waste PET, 

and its electrochemical performance was evaluated in a three-electrode and symmetric 
two-electrode configuration. The structural, morphological, and surface chemical properties 
were investigated using XRD, FTIR, Raman spectroscopy, FE-SEM, XPS, and BET analyses, 
which confirmed the formation of Ni-BDC MOF. Three-electrode measurements showed 
a specific capacitance of 1118 F g−1  at 1 Ag−1 , which decreased to 129 F g−1  at 10 Ag−1 , 
suggesting that capacitance decreases with increasing current density. Electrochemical 
impedance spectroscopy showed a solution resistance (Rs ) of 3.6 Ω and a mostly inclined 
Nyquist response, suggesting non-ideal capacitive behavior. The symmetric two-electrode 
device in 1 M KOH exhibited a specific capacitance of 36.36 F g−1  at 0.5 Ag−1  and 4.83 F g−1 
at 10 Ag−1 . The cycling stability was tested at 15 Ag−1,  and about 67% capacitance retention 
was obtained after 8000 galvanostatic charge-discharge cycles with about 100.1% coulombic 
efficiency. This work links recycling waste PET with the development of Ni-BDC MOF 
electrode materials. It highlights the potential of using plastic-waste-derived terephthalic 
acid for energy storage applications and contributes to circular-economy efforts.
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